Stress in local isolation structures is studied by micro-Raman spectroscopy. The results are correlated with predictions of an analytical model for the stress distribution and with cross-sectional transmission electron microscopy observations. The measurements are performed on structures on which the S&N4 oxidation mask is still present. The influence of the pitch of the periodic local isolation pattern, consisting of parallel lines, the thickness of the mask, and the length of the bird's beak on the stress distribution are studied. It is found that compressive stress is present in the Si substrate under the center of the oxidation mask lines, with a magnitude dependent on the width of the lines. Large tensile stress is concentrated under the bird's beak and is found to increase with decreasing length of the bird's beak and with increasing, thickness of the S&N4 film.
I. INTRODUCTION II. EXPERIMENT
During the last years, micro-Raman spectroscopy has been used increasingly as a powerful technique to measure local residual stress in submicrometer isolation devices, e.g., in local oxidation of silicon (LOCOS) structures,1-3 isolation trenches,4 and V-groove structures.5 Processing of such nonplanar structures introduces large local stress, especially at discontinuities of the different film layers. Such localized stresses can induce various types of structural defects that degrade the circuit performance. The conventional LOCOS technique has been extensively employed as an isolation technique in very large-scale integration (VLSI) devices because of its simplicity. This technique is based on a selective oxidation process using silicon nitride as a mask against oxidation of the active device regions. A drawback is the diffusion of oxygen through the pad oxide during field oxidation, causing additional oxide growth under the edge of the nitride mask, giving rise to the formation of a so-called " bird's beak" (BB) . This unwanted effect limits the available active surface area and, thus, the packing density. To reduce the size of the bird's beak, modified LOCOS techniques are explored with the local oxidation of'polysilicon over silicon (LOPOS) technique as one of the most promising approaches. In this technique a poly-Si layer is deposited between the pad oxide and a relative thick nitride mask. The lateral diffusion of the oxide under the nitride mask is thus reduced and part of the stress induced in the silicon by the nitride mask is compensated by the poly layer. Shortening the BB leads, however, to a strong increase of the local stress in the silicon substrate. This stress is studied with micro-Raman spectroscopy and the results are compared with cross-sectional transmission electron microscopy (XTEM) and with the predictions of a simple planar stress model.
The isolation structures are fabricated on (00 1) silicon substrates. Experiments are performed on three different LOPOS structures and one LOCOS structure. The process parameters of the different samples are listed in Table I . In all samples a pad oxide is grown by dry oxidation. In LO-POS this is followed by deposition of poly-amorphous silicon. Next a low-pressure chemical-vapor deposition (LPCVD) S&N4 film is deposited and patterned using photolithography, resulting in long, [ 1 IO]-oriented, Si3N4 lines with different widths. Finally a field oxide is grown by wet oxidation at different temperatures and for different oxidation times.
Raman spectra are measured in backscattering configuration using the 48&O-or 457.9~nm line of an argon laser with output power of maximal 30 mW. The 457.9-nm line is used in most experiments because of its short penetration depth in c-Si, so that only the top layer of the silicon substrate, where stress is expected to be largest, is probed during the Raman experiments. The incoming light is polarized along the length of the lines, the scattered light is, in most experiments, not analyzed. The diameter of the probed region is smaller than 1 pm. The sample is moved with an X-Y translation stage in steps of minimum 0.1 ,!.cm and at each position single-point Raman spectra are recorded. In this way the spatial variation of the Raman signal over the structures on the silicon surface is obtained. In all samples the central line of a series of five parallel lines is scanned. The spacing between these lines is equal to their width. The Raman spectra are fitted with a Lorentzian function, reducing the error on the peak position estimation to values smaller than 0.05 cm --I. Laser plasma lines are used for internal calibration. y = [OlO] directions and one longitudinal (LO) along the z = [OOl] direction. For strain-free c-Si, these three vibration modes have the same frequency, wo, at about 520 R cm _ I. They are described by the polarizability tensors6 scattering efficiency (scattered power divided by incident power) of the Raman signal is given by S=A c Iei*Rj*es12, .i
where A is a constant. In the case of backscattering from a (001) surface, the z component of ei and e, is zero, so that only Rs contributes to the Raman signal. Only the LO phonon can be observed. Strain lowers the symmetry of the crystal so that the degeneracy of the three optical phonons is partly lifted and they shift to frequencies different from wo. The phonon frequencies and polarizability tensors of strained silicon can be calculated using perturbation theory.'?' The frequencies oi of the optical phonons in the presence of strain are related to the eigenvalues izi of the following secular
by& = wf -wi, i = 1,2,3, from which follows Atii=Wi -Wo ~jZi/h~ (4) e[J are the components of the strain tensor E, which is related to the stress tensor r by Hooke's law: E = Sr where S is the compliance tensor. For c-S& S has only three different components: St1 = 7.68 x lo-l2 Pa-', SIZ = -2.14 X 10-'2Pa-',andS44 = 12.7 X 10-'2Pa-1.p, q, and r are deformation potential constants' whose values are for c-Si: p = -1.43w& q = -1.89wt, and r z -0.59w;.
The Raman polarizability tensors also change under the influence of strain. They can be calculated by a linear combination of the zero-strain polarizability tensors, corresponding to the linear combination between old and new eigenvectors. A change of the Raman polarizability tensors often implies that the scattering efficiency changes and that besides LO also TO1 and/or TO2 may contribute to the signal. The calculation of the eigenvalues of the secular matrix results in relations between the shift of each optical phonon and the strain in the probed sample, as described by Eqs. (3) and (4). In the most general case, when none of the strain tensor components is zero, this will yield for each vibration mode a complicated relation between the shift of the mode and nine different strain tensor components. In such a case it is difficult to obtain information on the strain present in the sample. For this reason it is necessary to make some assumptions about strain and strain distribution in the investigated sample. These assumptions can then be evaluated using the results of the Raman experiments.
It is not straightforward to derive an analytical model that describes the strain in the silicon underneath a LO-COS or LOPOS structure. The most simple assumption is a model where the structure is replaced by a patterned layer-substrate structure. The mechanical stress caused by a thin film on a substrate was studied by several authors.'c13 It was found that in general the induced stress is small in the substrate, due to its much larger thickness compared to that of the film. However, in the neighborhood of discontinuities in the film, large localized stresses are generated in the substrate. This film-edge-induced stress can be described by an edge force f, with origin at the film edge, and acting parallel to the surface of the film, as is shown in Fig. 1 (a) . For a line of width w, two opposed forces with equal magnitude determine the stress induced in the substrate. Assuming planar stress, the stress components in the substrate are then given by12?13 0Xx= -: (
1 In the case of LOCOS or LOPOS structures, the Si3N4 film is pushed upwards at the edges by the field oxide that grows laterally underneath the film during oxidation. The film model does not account for this bending up. It results in large tensile stresses on the silicon substrate in the neighborhood of the BBS end, because the BB acts as if it wedges in between the film and the substrate, trying to separate both. Vanhellemont and co-workers'3 introduced a model in which this effect was accounted for by introducing a vertical acting force, k = czf, with origin at the BBS edge, in addition to the horizontal edge force f. This is shown in Fig. 1 (b) . This model was successfully used to describe film-edge-induced dislocation generation in LOCOS structures. For a single isolated Si3N4 line the stress components are given by
where w indicates the distance between the two bird's beak tips. Figure 2 shows the dependence of a,,/f, on/f, and .rxz/f on the position near or under a line for z = 0.2 pm, Q: = -0.3, and w = 5 ,um. As can be seen, both a,, and aZZ are compressive under the lines, in between the BBS ends. Equations (8)- ( 10) are only valid for isolated lines. For a periodic structure consisting of II parallel Si3N4 lines with spacing s and width w, the parameter x in these equations must be replaced by [x -y1 (w + s)] and a summation over n must be made.i3
In all samples studied, the Si3N4 lines are oriented along a [l lo] direction. This means that Eqs. (8)- ( 10) substrate under a LOCOS structure.. The components were calculated using Eqs. (7)- (9) and parameters: I = 0.2 pm, a: = -0.3, and w = 5 Pm.
and the z axis along [OOi] (sample system). The secular matrix is given in an axes system (reference system, indices are caps) where the X axis is directed along the [loo] crystallographic direction, the Y axis along [OlO] , and the 2 axis along [OOl] . The stress components in both systems are related by (11) where plane stress (only a,,, a, and rXZ differ from zero) is assumed. So none of the stress components is zero in the reference system, crxx = uyy = rxyand ryz = rxz. From this it follows that the strain tensor components that have to be used in the secular matrix become (Hooke's law)
Exy= (&l/2 1 ~xx,
The reference system stress components in Eq. (12) can then be replaced by the sample system stress components using Eqs. ( 11). In this way, the elements of the secular matrix [Eq. (3)], qii, can be expressed in the sample system. None of the nine matrix elements is zero. Solving this matrix gives three different eigenvalues and corresponding eigenvectors. From the eigenvalues A1, A2, and a3 the following dependence of the frequency shift Awl, AwD and Aw3 of the three Raman peaks (peak 1, peak 2, and peak 3, respectively) on a,,, cr, and rxr [Eq. (4)] was obtained:
Aa3= (ml
where D= cm + Q)12 -Pd2 + wPd2, and corresponding eigenvectors From these eigenvectors the polarizability tensors in the presence of these stresses were calculated:
This result implies that, depending on the value of A and B, both the Raman signal corresponding with peak 2 and the one corresponding with peak 3 can be observed, while peak 1 is not visible [Fq. (2) assuming back scattering]. Figure  3 shows the expected frequency shift [ Fig. 3 (a) ] and intensity [ Fig. 3(b) ] of both Raman peaks at various positions across the LOCOS structures. The same values for Z, Q and w were used as in Fig. 2 , f = 700 N/m. From these simulations it follows that the Raman signal obtained at the center of the lines is dominated by peak 3, while the signal outside the lines is mainly determined by peak 2.
IV. RESULTS AND DISCUSSION

A. 3-pm LOPOS line
In between the measurements on LOPOS or LOCOS structures discussed in this paper, the Raman signal of a stress-free c-Si reference sample was also recorded. From nine experiments a value of w. = 520.0 R cm-' (s.d. = 0.19) was obtained. This value is used in the following experiments as reference value for unstressed c-Si.
Figure 4(a) shows the frequency of the c-Si Raman signal that was measured during a scan across a 3-pm S&N4 mask line (LOPOS 1) as a function of the position across the line. The Raman signal was obtained by focusing the laser light with wavelength 457.9 nm on the Si substrate. SiOa and Si3N4 are transparent for this wavelength and neither of them gives a measurable contribution to the Raman signal, so that only the signal from the underlying substrate is obtained. The contribution of the poly-Si to the Raman signal was controlled by measuring the polariza- is shown in Fig. 4(b) . A polysilicon layer was deposited on the sample to improve the contrast of the picture. The horizontal scale of Figs. 4(a) and 4(b) is equal so that a direct correlation can be made between the frequency of the Raman signal and the geometrical area in the LOPOS from which the signal arises.
The frequency of the Raman signal arising from the c-Si substrate underneath the field oxide (o,,) far from the line edges (position < -0.6 pm and > 3.4 pm) was found to be very near to 520 R cm -* indicating that the substrate is stress free at this position. Approaching the Si3N4 line borders from the field oxide side leads to a frequency shift towards lower values, reaching a minimum in the vicinity of the BB edge. This downward shift from w. is large and indicative for high tensile stress in the substrate at the BBS edge. It is important to notice that this minimum is not located at the edge of the Si3N4 line, but at the BBS end, underneath the S&N4 line. The Raman frequency increases again towards the center of the line and reaches a maximum of about 520.7 R cm --' at the center. This frequency is higher than the frequency of stress-free c-Si and indicates the presence of compressive stress in the top layer of the silicon substrate at this position. The experimentally obtained Raman shift shows roughly the same behavior as the shift predicted by the model [ Fig. 3(b) ]. According to the theory, the relative intensity of peak 2 is maximal outside the S&N4 lines and the intensity of peak 3 becomes zero at this position [ Fig. 3(a) ]. This indicates that only peak 2 is visible in the Raman spectrum and that the relation between the Raman shift and stress should be calculated according to Eq. ( 14). At the center of the S&N4 lines, peak 3 has maximal and peak 2 minimal intensity so that the Raman signal is dominated by peak 3 and the relation between Raman shift and stress is given by Eq. ( 15). This makes an accurate fit of the proposed model to the Raman data impossible. According to the model, both peaks have nearly equal intensity and should be visible at the edge of the BB. When both peaks are present, they can only be resolved when their relative shift, which is equal to 2C according to Eqs. ( 14)- ( 15), is higher than their full width at half-maximum (FWHM). Otherwise, if 2C < FWHM, the superposition of these two peaks will result in a broadened peak. We never observed two different peaks in this area. However, a significant increase of the FWHM of the c-Si Raman signal in the vicinity of the BBS edge was indeed measured. This may suggest the presence of two unresolved Raman peaks. However this increase of the FWHM may also be caused by spatial inhomogeneity of the stress within the laser-beam diameter and within the probed depth. The steep variation of the Raman frequency measured at the BBS edge indeed confirms the presence of a large stress gradient in this area. B. Influence of linewidth LOPOS 1. For broad lines (5-15 pm), the maximum shift is not reached at the center of the lines, but closer to the borders, indicating a relaxation of the compressive stress toward the center of the line. This relaxation is predicted by the model, as is shown in Fig. 3 (a) . To obtain information about the magnitude of these local stresses, we focused on the Raman shift in the center of the lines (Aw,,,,,,) and the most negative shift (Am,,,) in the vicinity of the BBS edge. Both were calculated relative to the Raman shift measured in between the lines (w,,). Figure 6 shows the mean values of hami, and Aw,.,,,~~~ obtained for different linewidths.
To study the influence of the S&N4 linewidth on the A%&T increases with decreasing linewidth, up to 4 Raman frequency, we repeated a similar measurement as pm, but decreases for smaller lines. According to the theshown in Fig. 4 for lines with widths varying from 15 to 2 ory, rXZ is zero and a, is negligible compared with a,, at pm. Figure 5 shows the shift of the Raman frequency from the center of the line for broad lines (24 pm) (see Fig. 2 assumed. Furthermore, at the line center the intensity of peak 2 is negligible compared to the intensity of peak 3 [ Fig. 3(b) ] so that peak 3 dominates the spectrum. In this case Eq. (14) can be used to calculate the relation between Raman shift and stress. Assuming r,, and a;, equal to zero this equation simplifies to (qls = 0): (18) is no longer valid. We attribute the decrease of the Raman shift in the center of these lines to an increasing influence of the tensile stress at the BBS edge caused by the bending up of the S&N4 film. found that Aomin did not change with w (Fig. 6 ). This also indicates that f as well as a are independent of linewidth.
The shift measured at the center of the field oxide region in between the lines (w,,) was found to be slightly dependent on line spacing and much smaller (maximal 0.1 R cm -'> than the shift observed underneath the nitride 1ines.n' For this reason w,, could be used as reference in the Figs. 5 and 6. In all measured samples the shift was zero or slightly negative with regard to oo, indicating small tensile stresses (0.017 GPa between 15-pm lines, 0.064 GPa between 4-pm lines). Tensile stress in the substrate underneath the field oxide is expected from the difference in thermal-expansion coefficients of c-Si and Si02. l7 Detailed micro-Raman experiments on these stresses were reported by Brunner et aL3 Kobayashi et al.' reported micro-Raman experiments on LOCOS structures after removal of the Si3N4 film. Their results show that the shift of the Raman frequency to values lower than the stress-free value was not observed at the BBS edge, at a position in the active area, but outside the active area at the field oxide edges. We performed Raman experiments on a LOCOS sample,16 before and after removal of the Si3N4 mask, and found a similar shift: With the mask, the minimum Raman frequency was reached at the edge of the BB, without mask, AO,in was smaller and the minimum was reached outside the former borders of the S&N, line, probably in the area of the bending in the SiO,/Si interface [which can be observed in Figs. 9 (b) and 9(c)]. Without mask, the stress is mainly determined by the difference between the thermal-expansion coefficients of SiOZ and c-Si and by the volume expansion of SiOz during field oxidation. Kobayashi et al. ' observed an increase of Aw,,,ter with decreasing linewidth down to widths as small as 1.2 pm, which is in contrast with the results we obtained when the Si3N4 film is present. These differences can be explained by the infIuence of the bending up of the Si3N4 film. This causes large tensile stress in the silicon at the edge of the BB. This stress disappears when the film is removed and the influence of the field oxide on stress becomes dominant. For small linewidths, the influence of this bending of the film may extend to the center of the lines, causing the decrease of AmEnter for small lines. The present simple stress model is not accurate enough to predict this effect, mainly because we only use one vertical force component k. It is likely that a continuous vertical force distribution, with decreasing magnitude toward the center of the lines, is more realistic. However, such a model would become too complicated to predict the Raman shift.
C. Influence of light penetration depth
The penetration depth of light increases with increasing wavelength. The Raman signal obtained with 457.9 nm arises from an integrated area with depth of about 0.3 pm. Light with a wavelength of 488 nm will give information about an integrated area of about 0.6 ,um. According to the model, the stress in the silicon substrate decreases with depth [z in Pqs. (81-C lo)] and this stress gradient is predicted to be larger at the BBS edge than at the center of the lines. Figure 8 shows the dependence of the Raman frequency on the position across a 5-pm LOPOS line (LO-POS l), measured with 457.9-and 488.0-nm excitation light wavelengths. At 457.9 nm Acx,,~,, and AW,in are clearly larger than the shifts measured with 488 nm, indicating higher stress near the surface of the substrate. Also, as predicted by the model, the influence of the excitation light wavelength on Raman shift is larger at the BB than in the center of the line. These results show that micro-Raman spectroscopy also can provide some information on the depth distribution of stress.
D. Influence of S&N4 line thickness
As is shown in Fig. 7 , the stress model predicts that A~,in decreases when a becomes more negative and thus when the vertical force k = af increases. This force accounts for the tensile stress induced in the c-Si substrate by the bended S&N4 film. Thicker Si3N4 films are more resistant to this bending and therefore induce a higher tensile stress in the substrate. The thickness of the S&N4 film also affects the magnitude of the horizontal force f. Indeed, f is the film-edge-induced force and can be expressed as f = ofh where o is the tensile stress in the film and h the lf film thickness.' ,I3 As discussed above, for broad lines the stress in the center Aw,,,~~., is linearly related to CT,.. and equal to Aa3 [Eq. ( 1811. Because a,, is proportional to f IEE (811, Amcenter can directly be related to f: Large center corresponds with large f and small shifts with small f. To test these predictions, micro-Raman measurements were performed on two LOPOS structures with different S&N4 film thicknesses: LOPOS 2 and LOPOS 3 (see Table I ). All the other process parameters were the same for both samples. Figure 9(a) shows the Raman shift obtained for a scan across a 5-pm line of the LOPOS 2 sample and the LOPOS 3 sample, with laser light wavelength of 457.9 nm. The experiment cIearly shows that AO,in is smaller in the LOPOS 2 sample (small h) than in the LOPOS 3 sample (large h). Also Aw,,,ter was found to decrease with decreasing S&N4 film thickness. Fig. 9 (c) show XTEM pictures of LOPOS 2 and LOPOS 3, respectively. The difference in thickness of the Si3N4 film is clearly shown and also the effect of this thickness on bending. The bending of the thicker film is considerably smaller than the bending of the thinner film. As a result, the length of the BB (Lb,,) is influenced: Thinner films give longer, smoother BBS. XTEM observations showed that Z&,(LOPOS 2) = 480 nm and L,,(LOPOS 3) = 340 nm. These observations suggest that the stress at the BB is strongly related to the shape and length of the BB: Long, smooth BBS correspond with small stress and thus small Aw,i,, whereas short steep BBS give rise to high stress and thus high humin.
E. LOPOS-LOCOS
To verify the relation between BBS length and stress, micro-Raman experiments were performed on a conventional LOCOS (LOCOS 1) and a LOPOS (LOPOS 1) structure and the results were compared with XTEM observations [ Figs. 10(a)-10(c) ]. The width of the scanned lines is 5 ,um. The measurements were performed with an excitation wavelength of 457.9 nm. Aw,i" is found to be larger in the LOPOS than in the LOCOS structures, indicating higher stresses in the vicinity of the LOPOS BBS end. The XTEM image show that the BB in the LOCOS sample is longer and smoother than the BB in the LOPOS sample, which confirms that Atimin is correlated with BBS length and shape. AwWnter is found to be larger in the LOCOS sample than in the LOPOS sample. trinsic compressive stress of about -0.2 GPa.17 This stress partly compensates for the tensile stress in the Si3N4 layer, resulting in a smaller compressive stress in the underlaying silicon substrate compared to the LOCOS sample.
V. CONCLUSIONS
The present results show that micro-Raman spectroscopy gives detailed information about local stress distribu-tion in LOCOS and LOPOS isolation structures. It is shown that an increase of the thickness of the S&N4 film and the corresponding reduction of the length of the BB result in an important increase of the local stress at the BBS edge. LOCOS structures with longer and smoother BBS clearly show smaller stress at this position. The stress in the Si substrate under the center of the oxidation mask lines is found to be compressive and to increase with decreasing linewidth. However, the influence of the large tensile stress at the BBS edge on the stress at the center of the lines also increases so that for smaller lines a decrease of the Raman shift and correlated stress is observed. By using different laser wavelengths information of the variation of stress with depth is obtained, indicating a decrease of the stress in depth, with a larger gradient at the BBS edge than at the center of the lines. Despite the fact that a complete fit of the simple planar stress model to the Raman data is not possible, important information can be extracted. Further progress can be expected by refinement of the model, e.g., by assuming a vertical force distribution instead of one vertical force.
